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Abstract
We explore constraints on gauge bosons of a weakly coupled U(1)B−L, U(1)Lµ−Le ,
U(1)Le−Lτ and U(1)Lµ−Lτ . To do so we apply the full constraining power of experimental
bounds derived for a hidden photon of a secluded U(1)X and translate them to the considered
gauge groups. In contrast to the secluded hidden photon that acquires universal couplings to
charged Standard Model particles through kinetic mixing with the photon, for these gauge
groups the couplings to the different Standard Model particles can vary widely. We take fi-
nite, computable loop-induced kinetic mixing effects into account, which provide additional
sensitivity in a range of experiments. In addition, we collect and extend limits from neutrino
experiments as well as astrophysical and cosmological observations and include new con-
straints from white dwarf cooling. We discuss the reach of future experiments in searching
for these gauge bosons.
1 Introduction
The Standard Model (SM) provides a complete and very successful description of particle physics at the
electroweak scale. Lorentz invariance and gauge symmetry strongly constrain the number of renormal-
izable interactions between SM fields and a possible New Physics sector. One of these renormalizable
interactions is induced by kinetic mixing between a new U(1)X gauge boson Xµ and the hypercharge
U(1)Y gauge boson Bµ through the operator [1]
L = −
′
2
FµνX
µν , (1)
connecting the corresponding field strength tensors, Xµν and Fµν , respectively. Upon redefining the
fields and rotating to the mass eigenstates, the new gauge boson acquires a coupling to the hypercharge
current proportional to ′. For small ′ and light U(1)X gauge bosons, its couplings mostly align with
the couplings of the SM photon and are suppressed by a factor ′. This motivates the name ”hidden” or
”dark photon” for Xµ.
Yet, there is also the possibility that one of the remaining global symmetries of the SM is gauged.
Since only anomaly-free symmetries can be gauged, the number of possible additional gauge groups
in the SM without the introduction of additional fermions charged under SU(3)C × SU(2)L × U(1)Y
is limited. Out of the four independent global symmetries of the SM Lagrangian, U(1)B , U(1)Le ,
U(1)Lµ , U(1)Lτ three combinations are anomaly-free without any additional particles, U(1)Lµ−Le ,
U(1)Le−Lτ and U(1)Lµ−Lτ [2–4]. The difference between baryon and lepton number U(1)B−L is also
anomaly-free if right-handed neutrinos are introduced. Differences between baryon family numbers,
e.g. U(1)B1−B3 or combinations, e.g. U(1)B3−Lτ , are also anomaly-free, but result in an unviable CKM
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matrix. The addition of right-handed neutrinos allows to reproduce a phenomenologically viable lepton
mixing matrix without charged lepton flavour changing couplings for the U(1)Lµ−Le , U(1)Le−Lτ , and
U(1)Lµ−Lτ gauge groups [5].
In this paper we focus on the four anomaly-free groups, U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and
U(1)B−L. The phenomenology of a possible gauge boson of these gauge groups can be very different
from that of a secluded hidden photon. For example, at tree level the considered gauge bosons would
not couple to the W± gauge bosons. Moreover, the gauge bosons of charged lepton family number
differences would purely couple to the respective charged leptons and neutrinos and not to baryons.
As a consequence, constraints on hidden photons for which universal couplings are assumed do not
directly translate into constraints on such additional gauge bosons and new constraints from neutrino
experiments arise.
In the absence of kinetic mixing, constraints on light U(1)B−L gauge bosons have been discussed
in [6–10]. The groups U(1)Lµ−Le , U(1)Le−Lτ are considered in [11] and limits on U(1)Lµ−Lτ gauge
bosons have been derived in [12–18] (the last two papers take into account kinetic mixing). However,
since in all four cases SM fermions are charged under both the new U(1) as well as under hypercharge, a
kinetic mixing term between the new gauge boson and the hypercharge boson is automatically induced
at one-loop, even if ′ = 0 at tree-level. In the case of U(1)Lµ−Le , U(1)Le−Lτ , and U(1)Lµ−Lτ this
mixing term is finite and has significant impact on the experimental sensitivities. We will discuss this
mixing in more detail in Section 2.
The central aim of this paper is to use experiments and observations searching for hidden pho-
tons to derive limits on U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L gauge bosons. We use a
large set of experiments ranging from beam-dump and fixed target experiments [19–45], e+e− collid-
ers [18, 46–59], to lepton precision experiments [60–66]. In addition we consider the experimental
measurements of solar neutrinos with Borexino [17, 67, 68], laboratory neutrino experiments such as,
e.g. CHARM-II [69, 70], COHERENT [71, 72] and TEXONO [73] as well as tests of neutrino trident
production [12,74–76]. Furthermore, we include new astrophysical limits from the energy loss of white
dwarfs [77]. We also discuss the parameter space where the measured deviation in the anomalous mag-
netic moment of the muon can be explained [13, 78]. Looking into the future we consider projections
for planned and proposed experiments for the case of the universal hidden photon, the U(1)Lµ−Le ,
U(1)Le−Lτ , and U(1)Lµ−Lτ gauge bosons as well as the U(1)B−L gauge boson, respectively.
In spirit our paper is similar to the recent recasting framework provided in [10], where in particular also
U(1)B−L is considered. However, we consider in addition the theoretically as well as phenomenologi-
cally particularly interesting case of the three lepton family groups. In particular, additional U(1)Lµ−Lτ
gauge bosons have recently received increasing attention. A light U(1)Lµ−Lτ gauge boson provides
one of the few not yet excluded light new physics explanations for the discrepancy between the SM
prediction and the experimental determination of the anomalous magnetic moment of the muon [79,80],
can explain the spectrum of the Icecube high-energy neutrino events [81,82], and has the right quantum
numbers to explain the hints of lepton flavour non-universality reported by LHCb [12, 83, 84].
For U(1)Lµ−Le , U(1)Le−Lτ , and U(1)Lµ−Lτ , we explicitly take into account the unavoidable ki-
netic mixing generated by the Standard Model particles, that has significant effects on the sensitivities.
Technically, where possible and necessary, we recreated the analysis of the experiments thereby making
use of more detailed information such as the energy spectrum of the particles in the experiments.
The remainder of this paper is organized as follows: In Section 2 we introduce the considered hidden
gauge bosons and discuss their phenomenological features. In Section 3 we discuss the strategies em-
ployed to recast or rederive existing limits and projections for future experiments. We present the results
of our analysis in Section 4 and conclude in Section 5. In the Appendices we provide additional details.
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In Appendix A we discuss in detail the rotation to the mass eigenstates as well as Higgs interactions.
A detailed discussion of different implementations of beam dump limits as well as a comparison be-
tween rescaling limits and recreating the analysis is given in Appendix B. Finally, Appendix C provides
information on the different experiments, the relevant processes and couplings.
2 Hidden Gauge Bosons
We consider four different extensions of the SM by an additional gauge boson Xµ given by the La-
grangian
L = −1
4
FˆµνFˆ
µν − 
′
2
FˆµνXˆ
µν − 1
4
XˆµνXˆ
µν − g′ jYµ Bˆµ − gx jxµXˆµ +
1
2
Mˆ2XXˆµXˆ
µ , (2)
where Bˆµ denotes the hypercharge gauge boson with the field strength tensor Fˆµν , g′ the hypercharge
gauge coupling and jYµ the hypercharge current. Here, Xˆµν , gx and MˆX are the field strength tensor,
coupling and mass term of the new U(1) gauge boson and jxµ the corresponding current. A potential
mass mixing term in (2) has been omitted. The hatted fields indicate that the kinetic terms in (2) are not
canonically normalized and the corresponding gauge fields need to be redefined.
The current depends on the considered gauge group,
jXµ = 0 , U(1)X ,
j i−jµ = L¯iγµLi + ¯`iγµ`i − L¯jγµLj − ¯`jγµ`j , U(1)Li−Lj ,
jB−Lµ =
1
3
Q¯γµQ+
1
3
u¯RγµuR +
1
3
d¯RγµdR − L¯γµL− ¯`γµ`− ν¯RγµνR , U(1)B−L , (3)
with i 6= j = e, µ, τ .
In the following we will focus on masses in the MeV to multi GeV region. This is mostly for
phenomenological reasons. For the case of the hidden photon this region was suggested by a (now
essentially ruled out) explanation of the (g − 2)µ anomaly [78] as well as dark matter applications (cf.,
e.g., [85]). Consequently, many of the recent experimental activities focussed on this region. That said,
as we will see, the explanation of (g − 2)µ with a weakly coupled U(1)Lµ−Lτ [13] is still viable (cf.
Fig. 16). Such masses can arise from a Higgs or a Stueckelberg mechanism (See, e.g. [86] for string
models realizing Stueckelberg masses in the considered range). However, in the former case extra effects
due to the additional Higgs boson are likely.
Let us also briefly comment on the smallness of the gauge couplings. The smallness of the kinetic
mixing parameter of the hidden photon is naturally suggested if it is loop-induced [1]. However, for
the gauge groups we want to consider here we are dealing with the gauge couplings themselves. Such
small gauge couplings arise for example in the context of LARGE volume compactifications of string
theory [87]1. These models naturally suggest gauge couplings in the region
αX =
g2x
4pi
∼ 10−9, (4)
but somewhat smaller values are also possible. Nevertheless, this provides a theoretically interesting
target area.
1Using hidden gauge groups that have such small couplings, one can also naturally obtain kinetic mixings significantly
below the loop suggested value of  ∼ 10−3 [86].
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2.1 Interactions of the canonically normalized fields
After rotation and proper normalization (cf. Appendix A) we obtain the interactions of the now unhatted
gauge fields and currents,
Lint =
(
ejEM,
e
sin θw cos θw
jZ , gxjx
)
K
AZ
A′
 , (5)
with
K =
1 0 −0 1 0
0  tan θw 1
+O(δ, 2) , (6)
and
 = ′ cos(θw), δ =
Mˆ2A′
Mˆ2Z
. (7)
To leading order in  the masses before and after the basis change are equal,
M2A′ = Mˆ
2
X(1 +O(2)). (8)
The same procedure also gives the interactions of the new gauge fields with the Higgs boson. This is
also detailed in Appendix A.
2.2 Kinetic mixing
Gauge groups such as U(1)Lµ−Lτ do not feature direct interactions with the first generation of Standard
Model particles that make up most of the ordinary matter and therefore most of the experimental appa-
ratuses that we consider. They are therefore automatically much harder to probe. Nevertheless, since µ
and τ are also charged under the electromagnetic U(1), there exists an unavoidable kinetic mixing at the
loop level. This allows us to probe these gauge groups also in experiments with first generation parti-
cles. Similarly, this also allows to probe the purely leptonic gauge groups in experiments with baryonic
particles. Let us now consider this loop-induced kinetic mixing in more detail.
If the abelian extension of the SM gauge group in (3) is not embedded in a non-abelian gauge group,
kinetic mixing can be induced by a new fundamental parameter . Kinetic mixing between non-abelian
and abelian gauge groups is not possible at the renormalizable level.2 However, if a non-abelian gauge
group is broken SU(N) → U(1) at some high scale, loop effects from fields charged under both this
new U(1) and U(1)Y induce a kinetic mixing parameter in the broken phase. For the example of
U(1)Lµ−Lτ , the diagrams shown in Fig. 1 give
µτ (q
2) = −e gµτ
4pi2
∫ 1
0
dxx(x− 1)
[
3 log
(
m2µ + q
2x(x− 1)
m2τ + q
2x(x− 1)
)
+ log
(
m2ν2 + q
2x(x− 1)
m2ν3 + q
2x(x− 1)
)]
, (9)
where q2 is the transferred momentum and gµτ the gauge coupling of U(1)Lµ−Lτ . The same result holds
for U(1)Lµ−Le and U(1)Le−Lτ with the obvious replacements. For large momentum transfer q2 
2Beyond the renormalizable level, kinetic mixing can arise from higher-dimensional operators involving the symmetry
breaking Higgs fields, see, e.g. [88]. The loop effects discussed in the following can be viewed as generating such operators
when integrating out fields.
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Figure 1: Diagrams contributing to the kinetic mixing between the hypercharge gauge boson Bˆµ and
the U(1)Lµ−Lτ gauge boson Xˆµ.
m2τ , this mixing parameter is power suppressed µτ ∝ m2µ/q2 − m2τ/q2, whereas for low momentum
transfer q2  m2µ, the mixing can become relevant µτ ∝ log(m2µ/m2τ ). Since this loop-induced kinetic
mixing for the lepton family number gauge groups is finite, we take it into account when we present the
constraints on the corresponding gauge bosons in Section 4.
As an interesting theoretical feature we note that the finiteness of (9) is not guaranteed by the fact
that the symmetry is anomaly-free alone. In addition, it implies that the gauged lepton-family number
difference U(1)Lµ−Lτ can be embedded in a GLµ−Lτ which breaks to U(1)Lµ−Lτ without mixing
between the corresponding neutral gauge boson and any component of the hypercharge gauge boson
(and analogous for U(1)Le−Lτ and U(1)Lµ−Le). One can construct a UV completion with a gauge
group GSM in which the SM is embedded and the gauge group GLµ−Lτ ⊃ U(1)Lµ−Lτ , such that
GSM × GLµ−Lτ
SU(3)C × SU(2)L × UY (1) × U(1)Lµ−Lτ
.
This is for example not possible in the case of an embedding of the U(1)B−L gauge group which we
discuss below. As a consequence, neither the scalar that breaks GLµ−Lτ → U(1)Lµ−Lτ nor the scalar
responsible for giving the U(1)Lµ−Lτ gauge boson a mass necessarily contributes to the loop-induced
mixing µτ . A straightforward way to embed U(1)Lµ−Lτ is to choose GLµ−Lτ = SU(2)Lµ−Lτ , and
break it to the gauge boson corresponding to the third generator, which determines the couplings to the
doublets (Lµ, Lτ ) through σ3 = diag(1,−1) [4, 5].
For U(1)B−L, the result of the one-loop calculation analogous to (9) is not finite and its magnitude
depends on the choice for the renormalization scale. This implies that the gauge couplings of U(1)Y
and those of a possible non-abelian embedding of SU(N)B−L ⊃ U(1)B−L cannot be independent.
Similar to the situation of the loop-induced kinetic mixing between the photon and the Z boson in the
SM [89], the renormalization scale dependence of three parameters, the wavefunctions for the U(1)B−L
boson, the hypercharge boson as well as (µ), need to be absorbed by the field renormalizations of the
two original fields in the unbroken phase. We can therefore not determine the kinetic mixing parameter
unambiguously and neglect it when we present the constraints on gB−L and MA′ in Section 4. That
said, since all SM particles relevant to the experiments and observations we consider carry charges, the
effect of the kinetic mixing can be considered small.
For completeness let us note that in the case of a completely secluded U(1)X , where all the SM
particles carry no X charge, kinetic mixing is not generated within the SM, instead additional beyond
the Standard Model particles are necessary to generate contributions at one-loop.
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2.3 Flavour structure
Both a secluded U(1)X and the U(1)B−L gauge boson couple universally to all SM quark flavours and
lepton flavours, and hence lead to flavour-conserving vertices. In the case of a gauged lepton number
difference, this is less obvious. Since the couplings to leptons are non-universal, flavour changing
vertices can in principle arise upon rotating the leptons from the interaction to the mass eigenbasis.
However, for gauged lepton family number differences, the lepton Yukawa couplings which respect this
symmetry are diagonal already in the interaction eigenbasis
LY =−
(
e¯L µ¯L τ¯L
) ye 0 00 yµ 0
0 0 yτ
 eRµR
τR
φ
− (ν¯e ν¯µ ν¯τ)
yνe 0 00 yνµ 0
0 0 yντ
 N1N2
N3
 φ˜+ h.c. , (10)
where we have included three right-handed neutrinos N1, N2, N3 that are singlets apart from lepton
family number charges, and φ denotes the SM Higgs boson. As a result, the couplings of the A′ gauge
boson to leptons are diagonal. This Lagrangian also produces a diagonal lepton mixing matrix. However,
Majorana masses that respect the lepton family symmetry as well as mass terms induced by the scalar S
that gives a mass to the A′ gauge boson contribute to neutrino masses
LM = −1
2
NTi C−1
(
MR
)
ij
Nj . (11)
The texture of the matrixMR depends on the gauge group and the charge QS of the scalar S under this
group,
U(1)Lµ−Le U(1)Le−Lτ U(1)Lµ−Lτ
M|QS |=1R
 0 m Mm 0 M
M M m
  0 M mM m M
m M 0
 m M MM 0 m
M m 0

M|QS |=2R
M m 0m M 0
0 0 m
 M 0 m0 m 0
m 0 M
 m 0 00 M m
0 m M

,
where we have fixed the magnitude of the charge of the leptons to |Q`| = 1 and for charges of the scalar
S other than |QS | = 1, 2 one obtains the above textures with M → 0. Here, m is the Majorana scale
that can be fully independent of the mass scale induced by the vacuum expectation value of M ∝ 〈S〉 =
M2A′/(2g
2
xQ
2
S). For the hierarchy m  M, v, the textureM|QS |=1R for U(1)Lµ−Lτ has been discussed
in detail in [5] and we refrain from a discussion of the phenomenology in the neutrino sector here. The
textureM|QS |=1R for U(1)Lµ−Lτ is strongly preferred by the structure of the neutrino mixing matrix and
compatible with the global fit to the leptonic CP phase [83, 90, 91].3
In addition, the A′ boson acquires lepton-flavour violating couplings to neutrinos, but not to charged
leptons. Notice that the introduction of right-handed neutrinos does not introduce additional contribu-
tions to the kinetic mixing in (9). Flavour changing couplings arise only at the one-loop level for all
three gauge structures, U(1)X , U(1)B−L, and U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ considered here.
3We thank Julian Heeck for pointing this out to us.
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Figure 2: Branching ratios for the gauge bosons of a secluded U(1)X gauge group mixing with the SM
hypercharge gauge boson. See text for details.
3 Searching for Hidden Photons
In Section 4 we present and discuss the results of recomputing the limits from searches for secluded,
hidden photons for U(1)B−L and U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ gauge bosons. Before we do so,
let us describe our strategy for recasting electron and proton beam dumps and fixed target experiments as
well as collider searches. In addition, we consider bounds from white dwarfs and neutrino experiments.
3.1 Decay widths and branching ratios
A crucial ingredient in all laboratory searches are the decay widths and branching ratios. The decay
widths for the gauge boson of a secluded U(1)X are purely determined by mixing with the hypercharge
gauge boson. For charged SM leptons, the decay widths are straightforwardly computed by replacing
the coupling of a (massive) photon by α → α2. Decays into hadrons can be determined with a data-
driven approach by taking advantage of measurements of the ratio between the production cross section
of hadronic final states and muon pairs in e+e− colissions, R(s) = σ(e+e− → hadrons)/σ(e+e− →
µ+µ−) [91, 92]. The hadronic decay width is then given by
Γ(A′ → hadrons) = 2 Γ(γ∗ → µ+µ−)R(M2A′) for U(1)X , (12)
where Γ(γ∗ → µ+µ−) is the partial decay width for a virtual SM photon of mass MA′ . We show the
results in Fig. 2.
For gauge bosons of charged lepton family number differences, decays into hadronic final states
are also only possible through kinetic mixing, and can be determined analogous to the universal gauge
boson,
Γ(A′ → hadrons) = µτ (M2A′)2Γ(γ∗ → µ+µ−)R(M2A′) for U(1)Lµ−Lτ , (13)
where the kinetic mixing parameter is given by (9) and the obvious replacements hold for U(1)Lµ−Le
and U(1)Le−Lτ . The partial decay width into the leptons charged under the corresponding gauge group
can be directly deduced from (3) and (51) from Appendix A. The respective uncharged lepton family
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Figure 3: Branching ratios for the gauge bosons of a U(1)B−L (upper left), U(1)Lµ−Lτ (upper right),
U(1)Le−Lτ (lower left) and U(1)Lµ−Le (lower right) gauge group. In the lower two panels, the branch-
ing ratio into neutrinos is indistinguishable from Br(A′ → e+e−). See text for details.
can only couple through kinetic mixing with the photon. The branching ratios for the gauge boson of
a gauged lepton family number difference are shown in Fig. 3. Hadronic decays are suppressed in all
cases and the different shape of Γ(A′ → hadronic) in the case of U(1)Lµ−Le can be explained by the
approximate cancellation in µe(M2A′) ≈ m2µ/M2A′ −m2e/M2A′ ≈ 0 for MA′ > mµ.
For a U(1)B−L gauge boson, we take advantage of the analysis in [10], where the couplings are
computed using a data-driven method based on vector-meson dominance (VMD) for massesMA′ below
the QCD scale. The flavour-universal charges lead to an absence of A′ − ρ mixing. Therefore, hadronic
decays only open up once the much narrower ω-resonance turns on at mω = 782 MeV, and below
that scale, the leptonic decay rates dominate as is evident from the upper left panel of Fig. 3. For
masses of theA′ gauge boson above the QCD scale, the vector dominance model breaks down at around
M ′A & 1.65 GeV [10]. We rescale the R-ratio with the B − L charges above this value,
Γ(A′ → hadrons) =
∑
q Γ(A
′ → qq¯)∑
q Γ(γ
∗ → qq¯) Γ(γ
∗ → µ+µ−)R(M2A′) for U(1)B−L , (14)
in which the sum extends over all quarks with masses mq < MA′/2. This matching is good, given the
expected precision of the VMD method of about 10%− 20% [10].
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Figure 4: Hidden photon production through Bremsstrahlung (left) and meson production (right) in
beam dump experiments.
Experiment Target
[
A
ZX
]
E0 [GeV] Lsh [m] Ldec [m] Nin Nobs N95%
CHARM 63.5529Cu 400 480 35 2.4× 1018 0 3
E137 26.9813Al 20 179 204 1.87× 1020 0 3
E141 183.8474W 9 0.12 35 2× 1015 1126+1312−1126 3419
E774 183.8474W 275 0.3 2 5.2× 109 0+9−0 18
LSND H2O 0.8 25.85 8.3 9.2× 1022 25 50
Orsay 183.8474W 1.6 1 2 2× 1016 0 3
U70/NuCal 55.8526Fe 68.6 64 23 1.71× 1018 5 7.1/4.5
SHiP 183.8474W 400 60 50 2× 1020 0 10
SeaQuest 55.8526Fe 120 5 0.95 1.44× 1018 0 3
FASER
(far)
1
1H
(pp− coll)
9× 107
(
√
s = 13 TeV)
390 10
2.3× 1016
(300 fb−1) 0 3
Table 1: Material constants and specifications for the different beam dump experiments looking for
very displaced vertices. Future experiments are indicated by grey shading.
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3.2 Beam dump and fixed target experiments
Beam dump and fixed target experiments provide the best sensitivity to hidden photons of a secluded
U(1)X with masses MA′ . 1 GeV for almost the complete range of kinetic mixing parameters . In
the following, we discuss how the existing limits and projections for future experiments change for
U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ , and U(1)B−L gauge bosons. The material constants and specifi-
cations of the beam dump and fixed target experiments we discuss are collected in Table 1.
3.2.1 Electron beam dump experiments
In electron beam dump experiments such as SLAC E137, SLAC E141 [20, 21, 27, 33], Fermilab E774
[22] and Orsay [23], hidden photons can be produced in the Bremsstrahlung process shown on the left
hand side of Fig. 4. They subsequently travel through a shielding material before decaying. In the case of
a dielectron final state, the number of electrons produced from hidden photon decays in an electron beam
dump experiment with an incident electron beam of Ne electrons with energy E0 is given by [21, 27]
N = Ne
N0X0
A
∫ E0−me
MA′
dEA′
∫ E0
EA′+me
dEe
∫ ρLsh/X0
0
dt
[
Ie(E0, Ee, t)
1
Ee
dσ
dxe
∣∣∣
xe=
EA′
Ee
× e−
Lsh
`A′
(
1− e−
Ldec
`A′
)]
Br(A′ → e+e−) , (15)
where N0 ≈ 1023 mole−1 is Avogadro’s number, X0 and A are the radiation length and mass number of
the target material, and xe = EA′/Ee is the fraction of the energy of the incoming electrons carried by
the hidden photon. The function Ie(E0, Ee, t) describes the energy distribution of the incoming photons
after passing through a medium of t radiation lengths [93]. The length of the decay volume Ldec and of
the target and shielding Lsh = Ltarget + Lshield depend on the experiment, whereas the hidden photon
branching ratio Br(A′ → e+e−), the average hidden photon decay length `A′ , and the differential hidden
photon production cross section dσ/dxe are model-dependent quantities. The general expression for the
average hidden photon decay length reads
`A′ =
βγ
Γtot
= β
EA′
MA′
1
Γtot
, (16)
with the relativistic boost factor γ, the velocity β and the total hidden photon decay width Γtot. The
differential hidden photon production cross section is given by
dσ
dxe
= 4α32ξ
√
1− M
2
A′
E20
1− xe + x
2
e
3
M2A′
1−xe
xe
+m2exe
, (17)
in which ξ denotes the effective photon flux, which is a function of the beam energy, the properties of
the material and the hidden photon mass MA′ [33]. Note that when the radiation length and the decay
length are comparable, also the decay probability ∝ exp(−Lsh/`A′) depends on the position where the
particle is produced, i.e. t. We keep the full dependence in computing the limits in these cases. There
is also a geometric factor depending on the detector shape and size as well as the angular distributions
of the gauge bosons considered here. We neglect this factor for electron beam dumps, which in the
case of the secluded hidden photon amounts to a correction of at most 10% [94]. Efficiency factors
for the experimental reconstruction and experimental cuts are not included in (15) but applied when we
compute the constraints.
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In adapting the bounds from searches for universal hidden photons for U(1)B−L and the gauge
bosons of gauged lepton family number differences, we replace the branching ratios by the values com-
puted in Section 3.1 and compute the corresponding average decay length with the respective total width
Γtot. In the differential cross section (17), the couplings are replaced by
α32 →

α2αµe , for U(1)Lµ−Le ,
α2αeτ , for U(1)Le−Lτ ,
α2αµτ µτ (MA)
2 , for U(1)Lµ−Lτ ,
α2αB−L , for U(1)B−L ,
(18)
where αij = g2ij/(4pi) and gij denotes the gauge coupling of U(1)Li−Lj , and αB−L = g
2
B−L/(4pi). In
writing (18) the fact that the B − L charge of electrons is −1 has already been accounted for.
Looking at (18) it is clear that the electron beam dump constraints are expected to be important
for U(1)Lµ−Le , U(1)Le−Lτ and U(1)B−L gauge bosons, whereas for the U(1)Lµ−Lτ gauge boson the
constraints are expected to be strongly attenuated. In contrast, experiments with muon beams would be
particularly relevant for searches for U(1)Lµ−Lτ gauge boson. We comment on such a possibility below
in the context of fixed target experiments.
3.2.2 Electron (and future muon) fixed target experiments
In addition to the beam dumps discussed above we also consider fixed target experiments [29] such as
APEX [32], A1/MAMI [30, 38], HPS [39], NA64 [45], VEPP-3 [35] and DarkLight [36, 40]. Here,
production is typically via Bremsstrahlung, too. However, the signal is not a very displaced vertex,
but kinematic features such as, e.g. a resonance bump in the invariant mass spectrum. This arises for
example when the produced on-shell hidden photon decays into a pair of electrons.
Most of the above experiments search for visible decay products (e, µ). They target the region where
the hidden photon decays promptly. This eliminates all the non-trivial geometric dependencies discussed
above for the beam dumps. To recast the limits we need to keep the product of production cross section
times branching ratio constant. We do this by using the branching ratios computed in Section 3.1 and
for the production the replacements given in (18).
NA64, VEPP-3 and the invisible mode of DarkLight measure missing energy. This provides two
search regions. The first is for prompt decays into invisible particles and the second is an essentially
stable hidden photon. In the parameter region where these experiments provide sensitivity to our con-
sidered gauge groups we can assume prompt decays into neutrinos that are effectively invisible. We
can then rescale as above but using the neutrino branching ratios from Section 3.1.4 As it turns out for
DarkLight the visible mode [40] is more sensitive for the gauge bosons considered here.
A future modified version of NA64 utilizing the upgraded muon beam at the CERN SPS delivering
up to 1012 muons on target has been proposed [18, 52]. Employing the same search strategy for miss-
ing energy this NA64µ setup will be able to set much more severe bounds, especially in the case of
U(1)Lµ−Lτ .
4Any hidden photon that does not decay would also be considered invisible and therefore only increase the signal. Hence,
our estimate is conservative.
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3.2.3 Proton beam dump experiments
In proton beam dump experiments, such as CHARM [19], LSND [25] and U70/Nu-Cal [31,37], as well
as fixed-target experiments, such as SINDRUM I [24], NA48/2 [41], and the future SHiP facility [42,43],
hidden photons are produced in Bremsstrahlung as well as in meson decays produced in proton colli-
sions with the target material. Similarly, the recently proposed experiment FASER [95] 5 searching for
very displaced hidden photon decays at the LHC is making use of these production mechanisms. Other
proposed experiments searching for long-lived particles (LLPs) at LHC are MATHUSLA [96, 97] and
CodexB [98]. We expect them to have sensitivity in a similar region. While clearly important, calcu-
lating their precise sensitivities requires a detailed study beyond the scope of this work. We therefore
will showcase the projected FASER limits representative for this class of newly proposed experiments
searching for LLPs at the LHC.
The Bremsstrahlung process in proton beam dump experiments is similar to electron Bremsstrahlung
with the difference that the cross section for proton collisions with the target material is usually deter-
mined experimentally. The number of expected events for NP incoming protons with initial energy EP
can then be written as
N = NP
∫ EP−MP
MA′
dEA′
1
EP
σPA(2MP (EP − EA′))
σPA(2MPEP )
∫ p2⊥,max
0
ωA′P (p
2
⊥)dp
2
⊥
× e−
Lsh
`A′
(
1− e−
Ldec
`A′
)
Br(A′ → e+e−) , (19)
where ωA′P (p2⊥) is a weighting function relating the cross section of the 2 → 3 process σ(P + A →
P + A + A′) to the hadronic cross section σPA of the process P + A → P + A, where A denotes
the mass number of the target nucleus. This takes into account the splitting P → P + A′ in the initial
state. The ratio σPA(2MP (EP − EA′))/σPA(2MPEP ) relates the hadronic scattering cross section
σ(P A→ P A) at the reduced center-of-mass energy after radiation of theA′-boson to the one evaluated
at the initial center-of-mass energy. Explicit expressions for these functions can be found in [37]. The
hadronic cross section σPA is linked to the inelastic proton-proton cross section by a function f(A) via
σPA = f(A)σPP , which however drops out in the ratio in (19). The proton-proton cross section σPP
can then be extracted from experimental data [99, 100]6.
The upper limit of the integral over the momentum component perpendicular to the beam axis in
(19) is in principle given by p2⊥,max = max(E
2
P , E
2
A′) in the approximation of an elastic emission
P → P + A′. In practice it is, however, constrained by the largest value for which the fit to the form
factors going into the cross section σPP is reliable.
In full analogy to the case of Bremsstrahlung in electron beam dump and fixed-target experiments it
follows that the gauge coupling in ωAP (p2⊥) ∝ α 2 is replaced by
α2 →

αµe µe(MA′)
2 , for U(1)Lµ−Le ,
αeτ eτ (MA′)
2 , for U(1)Le−Lτ ,
αµτ µτ (MA′)
2 , for U(1)Lµ−Lτ ,
αB−L , for U(1)B−L ,
(20)
5 We use this opportunity to thank Felix Kling for kindly providing the meson distributions that facilitate an easy calculation
of the FASER limits.
6There is also a constraint for MA′ < 2me from hidden photon conversion in the detector material, which is however not
relevant for the masses we consider [37].
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Figure 5: Anomalous coupling of a photon and a hidden photon to a pion.
which is suppressed for all flavours of gauged lepton family numbers, and theB−L charge of the proton
has been implicitly accounted for. In addition, the branching ratio as well as the lifetime are computed
separately for the different models we consider.
An additional source of hidden photons from beam dump experiments are decays of mesons pro-
duced in collisions of protons with the target material, as depicted on the right-hand side of Fig. 4. For
a secluded hidden photon, the number of expected events is given by [31]
N =
NP
σ(PP → X)
∫ 1
−1
dxF
∫ p2⊥,max
0
dp2⊥A
α(xF )
dσ(PP →MX)
dxFdp2⊥
Br(M → A′γ)
× e−
Lsh
`A′
(
1− e−
Ldec
`A′
)
Br(A′ → e+e−) , (21)
where xF denotes the Feynman-x variable and Aα(xF ) = σ(PN → MX)/σ(PP → MX), with the
mass number A of the nuclei N of the target material. Typically, the mesons contributing dominantly
to the signal are the pseudo-scalars M = pi0, η, η′, which have a large cross section into photons.
For example, the differential meson production cross section in proton-nucleon collisions have been
measured in [101, 102] at 70 and 400 GeV, respectively.
The cross section is normalized to the total inclusive cross section σ(PP → X), which itself de-
pends on the center-of-mass energy. As before, the decay length and branching ratios of A′ depend on
the underlying gauge group, and
Br(M → A′γ) = 22
(
1− M
2
A′
M2M
)3
Br(M → γγ) , (22)
for a secluded hidden photon. For the U(1)Lµ−Le , U(1)Le−Lτ and U(1)Lµ−Lτ gauge groups, the corre-
sponding expressions follow with the replacements
α2 →

αµe µe(MA′)
2 , for U(1)Lµ−Le ,
αeτ eτ (MA′)
2 , for U(1)Le−Lτ ,
αµτ µτ (MA′)
2 , for U(1)Lµ−Lτ .
(23)
For U(1)B−L, there is a contribution to Br(pi0 → A′γ) from kinetic mixing (which we neglect), as
well as a contribution from the mixed electromagnetic-B − L anomaly (cf. Fig. 5)
L = e gB−L
16pi2 fpi
Tr
[
σ3QQB−L
]
FµνF˜
′µνpi0 (24)
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Figure 6: Diagrams for the production of hidden photons at hadron colliders. Drell-Yan production
(left), Higgs decays (center) and excited meson decays (right).
where σ3 = diag(1,−1), Q = diag(2/3,−1/3), QB−L = diag(1/3, 1/3), F˜ ′µν = 1/2 µναβF ′αβ and
fpi is the pion decay constant. Since Tr[σ3QQB−L] = Tr[σ3Q2] = 1 (including a color factor of 3), the
branching ratio of pseudo-scalar mesons decaying into a photon and a U(1)B−L gauge boson follows
from (22) by the replacement
α2 → αB−L , for U(1)B−L . (25)
This result can be recovered in the VMD approach neglecting mass differences between the vector gauge
bosons [10].7
3.3 Collider experiments
Hidden photons can also be produced in collider experiments, by s-channel production and meson de-
cays. Searches have been performed by ATLAS and CMS at the LHC [51], by LHCb [54,55,58], at the
e+e− colliders BaBar [46, 53], Belle [47, 56] and KLOE [48, 49, 57, 103].
3.3.1 Hadron colliders
At the LHC, hidden photons can be produced directly through Drell-Yan production or through the
decay of heavy resonances, e.g. H → ZA′ [51]. Feynman diagrams for these processes are shown on
the left hand side of Fig. 6.
Limits from Drell-Yan production of hidden photons can be obtained for masses M2A > (12 GeV)
2
because of cuts imposed to suppress backgrounds. The production cross section for an on-shell A′ for a
given quark initial state can be brought into the usual form
σ(qq¯ → A′) = 12pi
M2A′
Br(A′ → qq¯) . (26)
Production of hidden photons in Higgs decays are further constrained by the mass of the hidden
gauge boson and the Higgs decay width is given in (52) (see Appendix A). For the decays H → γA′,
there is no suppression ∝ M2A′/M2Z , but the partial decay width is loop-suppressed. Note that Higgs
decays into hidden gauge bosons at tree-level are only possible for a non-zero kinetic mixing parameter,
which we assume to vanish in the case of U(1)B−L and to be strongly suppressed for U(1)Lµ−Le ,
U(1)Le−Lτ and U(1)Lµ−Lτ , because of the power-suppression of (M2A′) ≈ m2`/M2A′ .
7The branching ratio Br(M → A′A′) = O((MA′)4) in the case of U(1)Lµ−Lτ , U(1)Lµ−Le and U(1)Le−Lτ , and
vanishes identically for U(1)B−L in the absence of kinetic mixing, because Tr[σ3] = 0.
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Another way to produce a hidden photon is by taking advantage of the large production cross section
of heavy, excited mesons at LHCb, which decay into the ground state by radiating a photon, as illustrated
on the right of Fig. 6. The authors of [54] proposed a search through the neutral rare charm meson decay
D∗ → DA′, for which the Br(D∗ → Dγ) ≈ 35% is particularly large, because the mass difference
∆MD = MD∗ −MD = 142.12± 0.07 MeV leads to a phase space suppression of Br(D∗ → Dpi0) ≈
65%. The latter also contributes to the signal through subsequent pion decays pi0 → γA′. For secluded
U(1)X gauge bosons and a given luminosity LLHCb the number of hidden photons produced from D∗
decays is therefore given by
NA′ = LLHCb σ
prod
D∗
[
Br(D∗ → Dγ)2
(
1− M
2
A′
∆M2D
) 3
2
+ Br(D∗ → Dpi0)Br(pi0 → γγ)22
(
1− M
2
A′
M2
pi0
)2]
,
(27)
where σprodD∗ = σ(pp → D∗ + X) denotes the D∗ production cross section. For the U(1)Lµ−Le ,
U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L gauge groups, the kinetic mixing factors 2 in (27) are replaced
by
α2 →

αµe µe(MA′)
2 , for U(1)Lµ−Le ,
αeτ eτ (MA′)
2 , for U(1)Le−Lτ ,
αµτ µτ (MA′)
2 , for U(1)Lµ−Lτ ,
αB−L/4 , for U(1)B−L and Br(D∗ → Dγ) ,
αB−L , for U(1)B−L and Br(D∗ → Dpi0) .
(28)
A note on LHCb displaced searches
The simple coupling rescaling procedure of (28) is only applicable to limits obtained from searches of
prompt decays. However, the authors of [54] have also proposed a search for displaced A′ decays in
D∗ → Dγ transitions. The derivation of these limits proceeds in anlaogy to the calculation of meson
decay induced beam dump limits described in Section 3.2.3. This, however, demands knowledge of the
D∗ production spectra. To our knowledge these spectra have not yet been measured for LHC energies
of
√
s = 13 TeV and the Monte Carlo generated spectra used in the calculations in [54] have not been
published. To obtain rigorous constraints from D∗ → Dγ transitions to the gauge groups discussed in
this work, such Monte Carlo simulations of theD∗ production spectra need to be done. This is, however,
beyond the scope of this letter and we will leave it to future work.
3.3.2 e+e− colliders
At e+e− colliders, hidden gauge bosons are produced through radiative return or through heavy meson
decay. Feynman diagrams for the corresponding processes are shown in Fig. 7. In the latter case, the
decay widths Γ(Φ → ηA′) can be obtained in full analogy to the D∗ → DA′ case, because the initial
state plays no role. In the case of radiative return, the differential production cross section for the U(1)X
gauge boson is given by [104]
σ(e+e− → γA′)
d cos θ
=
2piα22
s
(
1− M
2
A′
s
) 1 + cos2 θ + 4M2A′ s
(s−M2
A′ )
2
1− cos2 θ , (29)
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Figure 7: Diagrams for the different production mechanisms of hidden photons at e+e− colliders:
Radiative return (left) and meson decays (right).
where θ is the angle between the beam line and the photon momentum. The production cross section
for gauged lepton flavour number and U(1)B−L follows from (29) with the replacements
α22 →

ααµe , for U(1)Lµ−Le ,
ααeτ , for U(1)Le−Lτ ,
ααµτ µτ (MA′)
2 , for U(1)Lµ−Lτ ,
ααB−L , for U(1)B−L ,
(30)
making this channel particularly relevant for all gauge groups apart from U(1)Lµ−Lτ .
For the experiments BaBar [46,53], Belle [47,56] and KLOE [48,49,57,103], the decays are prompt
for all relevant regions. Again we use the relevant branching fractions from Section 3.1. As our hidden
photons also feature invisible decays into neutrinos they can also be searched for in a mono photon (or
mono-Φ) search [59]. Due to the lower SM background, the mono-photon searches can allow for more
stringent limits than searches for e+e− → γA′ → γ`+`− [105].
3.4 Rare µ and τ decays and Mu3e
Experiments designed to search for lepton flavour violation are particularly well suited to constrain
the gauge groups we consider here, because all non-trivially anomaly-free gauge groups have gauge
couplings to leptons. However, since none of the gauge bosons we consider have flavour-changing
neutral couplings, decays of the type µ+ → e+e−e+ or τ+ → µ+e−e+, etc., are not mediated at
tree-level.
More promising are the rare muon and τ decays into charged and neutral leptons,
µ+ → e+νeν¯µA′(→ e+e−) or τ+ → e+νeν¯τA′(→ e+e−). In presence of new gauge bosons this
process can be mediated by the diagrams shown in Fig. 8. However, these processes are also present
in the SM via the process, µ+ → e+νeν¯µγ∗(→ e+e−) or τ+ → e+νeν¯τγ∗(→ e+e−), etc. The best
measurements of these processes have been performed by the SINDRUM [60] and CLEO collabora-
tions [61], respectively,
Br(µ− → e−e+e−νeνµ) = (3.4± 0.4)× 10−5 , (31)
Br(τ → e e+e−νeντ ) = (2.8± 1.5)× 10−5 , (32)
Br(τ → µ e+e−ντνµ) ≤ 3.2× 10−5 . (33)
Below the muon threshold the SM background can be reduced by requiring the hidden photon to be on-
shell. The future Mu3e experiment will probe 1015 − 1016 muon decays, providing three to four orders
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Figure 8: Diagram contributing to the µ+ → e−e+e−νµν¯e signal mediated by the exchange of A′.
of magnitude more muons than SINDRUM [65]. Projections for the expected limits from a search by the
Mu3e experiment for secluded hidden photons contributing to the process µ− → e−e+e−νeνµ have been
computed [66]. These limits take advantage of a resonance in the invariant e+e−− mass spectrum and
are relevant for all gauge groups we consider, and particularly interesting for theU(1)Lµ−Le , U(1)Le−Lτ
and U(1)Lµ−Lτ .
For the example of U(1)Lµ−Lτ , the relevant diagrams are shown in Fig. 8. Depending on the gauge
group, there are also diagrams in which the hidden photon is radiated from the electron-leg, the electron-
neutrino leg or from the W±-propagator. The latter is suppressed with respect to inital- and final-state
radiation by m2µ/M
2
W ≈ 10−6 and can be neglected. Initial- and final-state radiation scale differently
for the different gauge groups, due to the lepton-family specific couplings. We implement the model in
MadGraph5 [106] to compute the branching ratio Br(µ+ → e+νeν¯µA′) for the different gauge groups
we consider, taking the appropriate scaling of initial and final-state radiation processes into account. We
scan the coupling-mass parameter space and rescale the limits [66] to derive projected limits for a future
Mu3e search.
Tau decays can similarly provide limits on gauge bosons with couplings to taus and electrons. To
the best of our knowledge, no search for a resonance in rare leptonic tau decays τ → eνeντA′ has
been performed. We produced the corresponding branching ratio with MadGraph and estimated the
current and future reach, assuming a sensitivity comparable to the error on the Br(τ → ee+e−νeντ )
measurement by CLEO and the projected improvement by Belle II [107]. The current and projected
limits are rather weak. For a U(1)X or U(1)B−L gauge boson, current (future) searches for tau decays
probe values of 2 . 5×10−4(5×10−5), αB−L/α . 5×10−4(5×10−5), respectively. For aU(1)Le−Lτ
gauge boson, the current (projected) limits are slightly better, αe−τ/α . 3 × 10−4(3 × 10−5). These
constraints are not competitive with the other constraints discussed in this section. The loop-induced
contribution of an U(1)Lµ−Lτ gauge boson to the decay τ → µν¯µντ has been considered in [12] in
order to address the deviation in the measured Br(τ → µντ ν¯µ) compared to the SM prediction. For
masses of MA′ < 10 GeV an explanation of this deviation requires a coupling of αµ−τ/α ≈ 10−2,
which is safely excluded.
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Figure 9: Diagram for neutrino trident production of muons.
3.5 Limits from neutrino experiments
3.5.1 Neutrino trident production
The neutrino trident process ν + Z → νµ+µ− has been identified as an important probe for the gauge
couplings of the U(1)Lµ−Lτ gauge boson [13]. The current limit has been obtained by combining
the measurements of the CHARM-II collaboration [74], the CCFR collaboration [75], and the NuTeV
collaboration [76]. The weighted average normalized to the SM value is given by
σ(νµ + Z → νµµ+µ−)
σSM(νµ + Z → νµµ+µ−) = 0.83± 0.18 . (34)
In Fig. 9, we show the A′-exchange diagram contributing to this process. For the U(1)Lµ−Lτ ,
U(1)Lµ−Le and U(1)B−L gauge bosons, the A′ contribution to this process is not suppressed. The
potential contribution from a U(1)X or a U(1)Le−Lτ gauge boson is completely negligible, because it
only arises through mixing with the Z.
In principle, there is an additional diagram for U(1)Lµ−Le and U(1)B−L gauge bosons from in-
coming electron neutrinos, but both the wide-band neutrino beam at CERN (CHARM-II) and Fermilab
(CCFR/NuTeV) produce 2-3 orders of magnitude more muon than electron-neutrinos and we can safely
neglect this contribution [108, 109].
We can therefore directly adopt the limits from [13]. In the future, these limits can be improved
by measurements of the neutrino trident production cross section at LBNE [13], with the INGRID
detector at T2K [17], and by measurements of atmospheric neutrino trident production with Cherenkov
telescopes [110].
3.5.2 Borexino
Borexino is a liquid scintillator experiment measuring solar neutrinos scattering off electrons [67]. This
can be used to probe non-standard interactions between the neutrinos and the target.
The resulting constraints are irrelevant for hidden photons with suppressed couplings to neutrinos,
but relevant for any other gauge group we consider. Limits from Borexino for the U(1)B−L gauge boson
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have been derived in [68] and generalized to the case of U(1)Lµ−Lτ gauge bosons in [17]. We adopt the
method of [17] and rescale the constraints on U(1)B−L bosons as
α2B−L →

[∑3
i,j=1 fi |(U †QµeU)ij |2
]1/2
α2µe , for U(1)Lµ−Le ,[∑3
i,j=1 fi |(U †QeτU)ij |2
]1/2
α2eτ , for U(1)Le−Lτ ,[∑3
i,j=1 fi |(U †QµτU)ij |2
]1/2
ααµτ µτ (q
2) , for U(1)Lµ−Lτ ,
(35)
in which f1, f2 and f3 denote the fraction of the corresponding mass eigenstates of 7Be neutrinos at
the earth [111], U is the lepton mixing matrix and Qµτ = diag(0, 1,−1), Qµe = diag(1, 0,−1) and
Qeτ = diag(1, 0,−1). Mixing suppressed contributions have been omitted.
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Figure 10: Neutrino-electron scattering via A′ exchange.
The TEXONO collaboration has measured the elastic ν¯e − e− scattering cross section at the Kuo-
Sheng Nuclear Power Reactor with a CsI(TI) scintillating crystal array [73]. The detector is located at
a distance of 28 m from the reactor core such that the flux of incoming neutrinos can be assumed to be
pure ν¯e.
The experimentally determined ν¯e−e− scattering spectrum can be used to constrain extra scattering
due to the exchange of a new lightA′ boson as depicted in Fig. 10. This has been done in [8,112] for the
case of a gauged U(1)B−L with a particular emphasis on interference effects of the A′ with the SM. The
determined limit on the gauge coupling gB−L directly applies to the case of U(1)Lµ−Le and U(1)Le−Lτ ,
where the first generation of leptons also carries a charge of |QLe | = 1.
3.5.4 COHERENT
Another limit forA′ couplings to neutrinos can be derived from coherent elastic neutrino-nucleus scatter-
ing (CEνNS). The high sensitivity of CEνNS to deviations of the weak mixing angle from the predicted
SM value [71] can be translated into a bound on the (induced) mixing parameter , which generates such
deviations.
The COHERENT experiment has only recently measured this process for the first time [72]. The detec-
tor consisted of a CsI target that was exposed to neutrinos from decays of secondary pions, which were
produced from a proton beam dumped into a mercury fixed target. The observed signal has been used
in [113] to set limits on a secluded hidden photon as well as on a U(1)Lµ−Lτ gauge boson. Furthermore,
a future accelerator setup with a COHERENT detector consisting of a NaI/Ar target and a total exposure
of 10 ton·year has been used to derive projected sensitivities.
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3.5.5 Charm-II
In the years 1987 – 1991 the CHARM-II detector has been exposed to the horn focused wide band neu-
trino beam at CERN in order to study νµ(ν¯µ)e− scattering. The CHARM-II collaboration has published
both the measured total number of scattering events [69] as well as the differential cross section [70].
In [8, 112] these results have been used to set a limit on the coupling constant gB−L of a gauged
U(1)B−L, again considering interference effects. However, from the experimental publications, the
exact neutrino fluxes seem to be unknown and the SM prediction of the differential cross section given
in [70] seems to be determined by a shape fit. Therefore, we are in doubt whether a rigorous calculation
of the neutrino rateR at CHARM-II is possible and whether the χ2-fit used for limit determination in [8]
is applicable. Noting this, we will show the corresponding limits by a dashed line assuming the correct
neutrino flux was used for limit calculation.
In the cases of U(1)Lµ−Le and U(1)Lµ−Lτ (for U(1)Le−Lτ no coupling to νµ exists) first and second
generation leptons carry opposite charges under the new group. Thus, the interference term changes sign
relative to the U(1)B−L case and the full interference-sensitive limit cannot be obtained by rescaling.
Therefore, we extract an upper bound on the change in cross section ∆σlim from the limits on gB−L
in [8], which have been provided for the case of only taking into account pure A′ contributions (no
interference). We use this bound ∆σlim to set limits on gij where constructive interference is expected
(νµe− scattering in both cases). Here a full analysis accounting for interference should yield stronger
bounds. Therefore, this approach is conservative.
3.5.6 Neutrino matter effects and Super-K
A very recent paper [11] considered the fact that new leptonic forces modify the matter potentials rele-
vant for neutrino oscillations. If the matter effects are changed this should be visible in neutrino oscil-
lations and Super-K provides an interesting limit on the difference between the matter potential for νµ
and ντ , |µµ − ττ | < 0.147 [114–116]8.
In the region of interest to us the matter effects are given by,
|µµ − ττ | =

4piαµe√
2GFM
2
A′
for U(1)Lµ−Le
4piαeτ√
2GFM
2
A′
for U(1)Le−Lτ ,
0 for U(1)Lµ−Lτ ,
0 for U(1)B−L.
(36)
For the latter two groups the measurement is insensitive because there is no difference in the matter
effects for the two considered neutrino species.
The authors of [11] also consider a potential future measurement in the DUNE-like setup that could
improve the limits into the |µµ − ττ | ∼ 0.01 range.
3.6 White dwarf cooling
Several constraints on hidden photons arise from astrophysical observations. For example, limits on
hidden photons from supernovae constraining very low couplings have been discussed in a number of
8Note, that here µµ and ττ quantify the interaction strength between muon and tau neutrinos [114–116], not to be
confused with µτ , µe and eτ defined in (9).
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Figure 11: Neutrino production contributing to white dwarf cooling from hidden photon decays.
papers [27,117–122]9 (mostly for the secluded case10). However, there seem to be significant differences
in the results and corresponding uncertainties in the limits. While there is clear need and motivation for
further investigations, this is beyond the scope of this work. Furthermore, the very low coupling regime
constrained by supernovae bounds is not the focus of this paper. We therefore prefer not show any
limit and instead refer the reader to the corresponding literature. Further constraints arise from the
potential impact of hidden photons on cosmic microwave background and big bang nucleosynthesis
(BBN) anisotropies [127] as well as from a potential hidden photon contribution to the cooling of white
dwarfs [77].
The most relevant constraints for the parameter space we consider arise from white dwarf cooling,
which is measured by observing variations of the white dwarf luminosity function. Following the strat-
egy of [77], we consider plasmon decay into neutrinos mediated by hidden photons, which contributes
to the cooling. The corresponding process is illustrated in Fig. 11. The limit on possible additional
contributions from hidden photons is reported [77] as a limit on the Wilson coefficient in
L = CWD (ν¯γµPLν)(e¯γµe) , (37)
with
1.12× 10−5
GeV2
< CWD <
4.50× 10−3
GeV2
, (38)
in which the upper limit corresponds to an interaction strength that leads to a trapping of the neutrinos,
which therefore effectively do not contribute to the cooling of the white dwarf. Note that the trapping
requires a sizable interaction with electrons and the above upper limit is probably quite conservative.
For a secluded hidden photon the contribution to the Wilson coefficient CWD is strongly suppressed,
because a coupling to neutrinos only arises through mixing with the Z boson,
CWD =
4pi
M2A′
α δ =
4pi
M2Z
α , for U(1)X . (39)
For the U(1)B−L and U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ gauge groups however, the contributions to
9For strong constraints at much lower masses see [123–126].
10A limit for B-L has been given in [122] but in the region of interest to us it is based on the hidden photon limit.
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the Wilson coefficient can become important for small masses and sizable couplings,
CWD =

8pi
3M2A′
αµe , for U(1)Lµ−Le ,
8pi
3M2A′
αeτ , for U(1)Le−Lτ ,
8pi
3M2A′
αµτ µτ (M
2
A′) , for U(1)Lµ−Lτ ,
4pi
M2A′
αB−L , for U(1)B−L .
(40)
3.7 Big Bang Nucleosynthesis
For the case of U(1)Lµ−Lτ an additional constraint arises from the coupling to neutrinos in the early
universe. The A′ gauge boson will stay in equilibrium with ντ and νµ. This provides additional energy
to these neutrinos and leads to an increase in the effective number of neutrino degrees of freedom at
BBN [14].
In principle, a similar effect is present also for the other gauge groups with neutrino couplings.
However, in this case also couplings to the electron and electron neutrino exist. A robust limit would
require a more detailed analysis which we leave for future work.
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Figure 12: Constraints from current (upper panel) and future (lower panel) experiments on a secluded
U(1)X gauge boson with kinetic mixing parameter . Additional constraints from supernova cooling
are not shown (see Section 3.6).
4 Results
Our main results are summarized in Figs. 13-16, showing exclusion contours for aU(1)B−L,U(1)Lµ−Le ,
U(1)Le−Lτ and U(1)Lµ−Lτ , respectively. For each of the considered gauge groups we show two plots.
One with the existing limits and another one with the planned and future experiments.
For comparison we show the usual secluded hidden photon case U(1)X in Fig. 12. Note the features
in the projected SHiP reach in Fig. 12; for hidden photons with masses above the pion threshold, the
production through pion decays shuts off and the sensitivity for small gauge couplings is decreased. The
dips for sizable masses correspond to hadronic resonances, which increase sensitivity for small gauge
couplings and decrease it for sizable gauge couplings, as the hidden photon becomes short-lived.
Let us now consider each of the different gauge groups and discuss the similarities and changes with
respect to the case of a secluded hidden photon. For a detailed discussion of the calculation of beam
dump limits and how they are related to the recasted limits we refer to Appendix B.
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Figure 13: Constraints from current (upper panel) and future (lower panel) experiments on a U(1)B−L
gauge boson with gauge coupling gB−L ≡  e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).
4.1 U(1)B−L
The beam dump, fixed target and collider limits are very similar to the case of a secluded hidden photon.
We note that the limit from CHARM and the LHCb displaced searches are absent because we lacked
sufficient information to adequately reproduce these limits, not because there is a physics reason that
makes these searches insensitive. However, the CHARM region is mostly covered by other experiments
as one can also see from the rescaling done in [10].
The most notable difference arises from the coupling to neutrinos. This makes the B-L gauge group
testable in a variety of neutrino experiments strongly constraining the (10-200) MeV region. It also leads
to constraints from the cooling of white dwarfs. The most promising future probes are the beam dumps
SHiP and SeaQuest, Belle-II, and at LHC, LHCb and FASER (similarly CodexB and MATHUSLA).
The projected SHiP reach shows similar features as in the case of a secluded U(1)X couplings due to
the tree-level coupling to hadrons.
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Figure 14: Constraints from current (upper panel) and future (lower panel) experiments on aU(1)Lµ−Le
gauge boson with gauge coupling gµ−e =  e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).
4.2 U(1)Lµ−Le
For this and all the following gauged lepton family number groups one main difference is the weaken-
ing of all hadronic collider, beam dumps and fixed target experiments, since the only interaction with
hadrons is via a loop-suppressed kinetic mixing. Electron beam dumps are favorable to explore very
small couplings. The upper boundaries of the beam dump limits are significantly less affected, because
this boundary arises from the premature decay of the produced particles in the shielding. It therefore
mostly depends on the total decay width and is less sensitive to the production. Here, a favorable geome-
try is more important. Strong limits from neutrino experiments lead to additional constraints. Especially
strong constraints arise from Super-K [11] due to the non-universal coupling of neutrinos to matter that
modify the neutrino oscillations and the scattering of electron neutrinos in TEXONO [8].
Future interesting probes may be provided by SHiP (in the region where it benefits from a suitable
geometry and a high boost factor), Belle-II, DUNE and NA64µ. The reach for small couplings in SHiP
and NA64µ is slightly diminished above the pion and the muon threshold, respectively.
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Figure 15: Constraints from current (upper panel) and future (lower panel) experiments on aU(1)Le−Lτ
gauge boson with gauge coupling ge−τ =  e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).
4.3 U(1)Le−Lτ
For U(1)Le−Lτ the situation is very similar to that of U(1)Lµ−Le . The most notable difference is the
absence of the high-mass KLOE limit based on a muon channel.
In addition to SHiP, APEX, Belle-II and DUNE, also FASER gains some sensitivity compared to the
U(1)Lµ−Le case. This is because above the threshold for the heavier of the two leptons, i.e. the muon
in case of U(1)Lµ−Le the kinetic mixing is suppressed as it evolves towards zero at large momenta. For
U(1)Le−Lτ this happens only above the tau mass. Therefore the mixing is larger in the relevant region.
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Figure 16: Constraints from current (upper panel) and future (lower panel) experiments on aU(1)Lµ−Lτ
gauge boson with gauge coupling gµ−τ =  e. Additional constraints from supernova cooling are not
shown (see Section 3.6).
4.4 U(1)Lµ−Lτ
This group exhibits the biggest changes compared to the case of pure kinetic mixing, due to suppressed
couplings to hadrons and electrons. The best current limits arise from experiments and observations that
only require one kinetic mixing factor. In addition, there is the BBN limit from [14].11 Importantly, we
note that there is still room for an explanation of the (g− 2)µ anomaly [13]12. This makes it particularly
attractive for future experimental probes. While SHiP will cover a large region of parameter space it
will not reach the area suggested by (g − 2)µ. This area will be probed by COHERENT [113] but
most decisively by the proposed muon run of NA64µ [18, 52]. The additional region of projected SHiP
sensitivity for MA′ > 2mµ is a consequence of high statistics and the unsuppressed Br(A′ → µ+µ−).
11For this limit we show the coupling range displayed in [14] as solid. For weaker couplings the region is hatched. A
determination of the decoupling of the gauge boson in the early universe would require a more sophisticated analysis.
12For similar discussions around flavor-changing couplings we refer to [128, 129].
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5 Conclusions
In this paper we have investigated and collected phenomenological constraints on weakly coupled gauge
bosons of the anomaly-free gauge groups U(1)B−L, U(1)Lµ−Lτ , U(1)Lµ−Le and U(1)Le−Lτ . For this
we have considered a wide variety of constraints from laboratory experiments as well as astrophysical
and cosmological observations. We also provide a survey of future possibilities. Our main results are
summarised in Figs. 13-16.
Important constraints can be translated from experiments and observations limiting hidden photons
interacting only via kinetic mixing (see Fig. 12 and cf. also [10]). However, there are also a number of
significant differences as well as special features that need to be taken into account.
• All the gauge bosons considered in this analysis interact with neutrinos. This makes them amenable
to experiments and observations from neutrino physics, which results in important additional con-
straints. The reactor experiments TEXONO and Super-K provide the leading constraints for a
sizable part of the parameter space in the case of U(1)B−L, U(1)Lµ−Le and U(1)Le−Lτ . DUNE
has the potential to significantly increase these limits for U(1)Lµ−Le and U(1)Le−Lτ . Limits from
white dwarf cooling, which have not been considered before, provide the leading constraint for a
U(1)Lµ−Lτ in the low mass region, which is slightly better than the Borexino limit. Morover, a
future high-exposure run of COHERENT will probe substantial parts of the (g− 2)µ explanation.
• The gauge bosons of purely leptonic gauge groups interact with hadrons only via kinetic mixing.
This kinetic mixing is automatically generated by the Standard Model particles, and is finite.
Taking this mixing into account those gauge bosons can also be tested in experiments with protons
and other hadrons, providing limits previously not considered.
• A gauge boson of U(1)Lµ−Lτ has direct interactions only with the second and third generation
leptons. Again the loop-generated kinetic mixing becomes important. But the limits are generally
weaker. This makes experiments that directly use muons or taus especially attractive. In particular
since this gauge group still allows for a viable explanation of the (g − 2)µ anomaly.
Going beyond the existing experiments we can look towards a bright future. Experiments like SHiP,
SeaQuest, LHCb, CodexB, FASER, MATHUSLA, Belle-II, a muon run of NA64, Mu3e13 as well as
neutrino experiments such as DUNE and COHERENT, will explore large and interesting areas of pa-
rameter space and thereby provide many opportunities for a discovery.
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A Rotation to Mass Eigenstates
Starting from the Lagrangian,
L = −1
4
FˆµνFˆ
µν − 
′
2
FˆµνXˆ
µν − 1
4
XˆµνXˆ
µν − g′ jYµ Bˆµ − gx jxµXˆµ +
1
2
Mˆ2XXˆµXˆ
µ , (41)
we use this Appendix to provide a step by step rotation to the relevant mass eigenstates. As a first step,
we introduce the non-orthogonal rotation G(′) BˆµWˆ 3µ
Xˆµ
 = G(′)
BµW 3µ
Xµ
 , (42)
in which W 3µ denotes the third SU(2)L gauge boson, and
G(′) =

1 0 − 
′
√
1− ′2
0 1 0
0 0
1√
1− ′2
 . (43)
The combined mass matrix for the three neutral electroweak gauge bosons Bµ, W 3µ , and Xµ reads in the
limit of small ′
M2 = v
2
4

g′2 −g g′ −g′2′
−g g′ g2 g g′ ′
−g′2′ g g′′ 4M
2
X
v2
(1 + ′2) + g′2′2
+O(′3), (44)
where g and g′ denote the SU(2)L and U(1)Y gauge couplings, respectively. This mass matrix can
be diagonalized through a combination of two block-diagonal rotations with the weak mixing angle θw
and an additional angle ξ, R1(ξ)R2(θw)M2R2(θw)TR1(ξ)T = diag (M2γ ,M2Z ,M2A′), with the rotation
matrix
R1(ξ)R2(θw) =
1 0 00 cos ξ sin ξ
0 − sin ξ cos ξ
  cos θw sin θw 0− sin θw cos θw 0
0 0 1
 , (45)
and
tan 2ξ =
2′ sin θw
1− δ +O(
′2) . (46)
Here we have defined δ = Mˆ2X/Mˆ
2
Z and MˆZ =
√
g2 + g′2v/2 is the mass of the Z−boson in the SM.
The mass eigenvalues are then given by M2γ = 0 and
M2Z = Mˆ
2
Z
(
1 + ′2 sin2 θw(1 + 2δ)
)
+O(δ2′2) , M2A′ = Mˆ2X
(
1 + ′2(1− sin2 θw(1 + δ))
)
+O(δ2′2) .
(47)
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Couplings between the gauge boson mass eigenstates Aµ, Zµ and A′µ and the fermion currents are then
given by14(
ejEM,
e
sin θw cos θw
jZ , gxjx
) AˆZˆ
Aˆ′
 =(ejEM, e
sin θw cos θw
jZ , gxjx
)
K
AZ
A′
 , (48)
with
K =
[
R1(ξ)R2(θw)G
−1(′)R2(θw)−1
]−1
=
1 0 −′ cos θw0 1 0
0 ′ sin θw 1
+O(′δ, ′2)
=
1 0 −0 1 0
0  tan θw 1
+O(δ, 2) , (49)
where in the second line we have introduced  ≡ ′ cos θw. Couplings of the massless photon are
protected by the unbroken electromagnetic gauge symmetry, and the new gauge boson X couples to
leading order in  to the electromagnetic current [131, 132]. This motivates the name hidden photon for
a secluded U(1)X gauge boson with couplings to the SM through kinetic mixing.
The leading terms in  of theA′W+W− coupling follow from replacing the photon byA→ A−A′
in the AW+W− vertex. Couplings of the new gauge boson A′ to the Z-current only appear at O(δ)
and can be obtained by replacing Z → Z − δ tan θwA′. As a consequence, couplings of the Higgs
boson H to the new gauge boson are further suppressed,
Mˆ2Z
2v
(
A Z A′
)
0 0 0
0 1 − tan θw δ
0 − tan θw δ 2 tan2 θw δ2
 H
AZ
A′
 , (50)
where we have only kept the leading terms in the δ-expansion for each element.
These couplings determine the decay modes of the A′ boson for a given mass MA′ . We assume
MA′  MZ such that only fermionic decay modes are relevant with a natural hierarchy between cou-
plings to fermions from jxµ and mixing-induced couplings,
Γ(A′ → ff¯) = MA′
24pi
Cf
√
1− 4m
2
f
M2A′
[
(g2L + g
2
R)
(
1− m
2
f
M2A′
)
+ 6
m2f
M2A′
gLgR
]
, (51)
where Cf = 3(1) for quarks (leptons) is a color factor and the couplings can be determined by matching
the currents in (48) to jµ = f¯γµ(gLPL + gRPR)f with projectors PR/L = 12(1± γ5). In addition, there
are exotic Higgs decays H → ZA′ and H → A′A′,
Γ(H → A′Z) = 1
16pi
2 tan2 θw
M3H
v2
M2A′
M2Z
(
1− M
2
Z
M2H
)
, (52)
Γ(H → A′A′) = 1
32pi
4 tan4 θw
M3H
v2
M4A′
M4Z
, (53)
14We denote gauge bosons in the non-orthogonal basis by hatted fields and define the neutral gauge bosons in the electroweak
symmetric phase by Bµ,W 3µ , Xµ and in the electroweak broken phase by Aµ, Zµ, A′µ.
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Figure 17: Schematic of an electron beam dump experiment like SLAC E137.
where we have neglected higher order corrections in δ and M2A′/M
2
H . Therefore, Higgs decays do
not provide relevant constraints, if the only coupling between the Higgs and the hidden gauge boson is
mediated by the kinetic mixing term.
B Beam dump limit calculation
In this Appendix we want to give an example of a prototypic limit calculation for beam dump experi-
ments. For concreteness, we will consider the electron beam dump experiment E137 operated at SLAC
in the 1980s.
The E137 setup is schematically shown in Fig. 17. A total of Ne ∼ 1.87 × 1020 electrons with
momentum p = 20 GeV have been dumped in an aluminum target followed by 200 m of rock, which
served as shielding. In the target material the incoming electrons interact with the nuclei and lose energy
via Bremsstrahlung. The hidden photon of a secludedU(1)X has the same coupling to the electron as the
photon, only suppressed by the mixing parameter . Hence, it can also be produced in a Bremsstrahlung
process. The total number of produced A′ decaying visibly within the detector volume is described
by (15). During the full data taking period no events have been observed in the E137 detector [21].
According to Poisson statistics we can therefore exclude any point in model parameter space predicting
more than N95 = 3 observed events.
B.1 Bjorken implementation
For E137, limits on hidden photons have been calculated first by Bjorken et al. [27] using (15) with the
approximate differential cross section given in (17) (which includes an erroneous factor of 2 in [27] that
has been corrected in [33]). For the full details of this calculation we refer the reader to Appendices A -
C of [27].
We have implemented the full calculation of Bjorken et al. in MATHEMATICA [133], which we
will refer to as Bjorken implementation. In order to derive limits we have discretized the 2D parameter
space of the MA′ − 2 plane into a finely-grained grid and calculated the expected number of hidden
photon induced events N at each point. The expected number of events normalized to the 95% C.L.
limit N/N95 are depicted in Fig. 18. The edge of the outermost blue contour gives our limit.
The left panel shows the results of the Bjorken implementation including the fullA′ width, which is
described in detail in Section 3.1. This includes in particular the partial width into muons that becomes
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Figure 18: Expected number of events N in this work for a secluded hidden photon A′ at the SLAC
E137 experiment obtained from the Bjorken implementation as a function of the mixing parameter 2
and the mass MA′ normalized to the 95% C.L. limit N95. The red (Bjorken) and cyan (Andreas) lines
show the exclusion contours calculated in [27] and in [33], respectively. Left: Including the full A′
width, in particular also the partial width into muons. Right: Only including the partial width of the A′
into electrons, assuming N95 = 10 and including the extra factor of 2.
equal in size to the one into electrons for MA′ & 2mµ. If we compare our limit to the those of Bjorken
and Andreas [33] (for details see Appendix B.2), we see that our limit aligns perfectly with the Andreas
limit in the high-2 domain, where it also shows the exact same threshold behavior at MA′ ∼ 2mµ.
However, we can reconstruct the Bjorken limit nearly exactly (within the limits of numerical integration
and discretization) if we only include the partial width of the A′ into electrons, assume 10 events as
exclusion bound and include the erroneous extra factor of 2. This is shown in the right panel of Fig. 18.
However, for a secluded hidden photon a muon coupling with the same strength as of the electron
coupling is unavoidable. Hence, the limits for E137 derived by Bjorken et al., seemingly neglecting the
partial width into muons, rather tend to overestimate the hidden photon mass reach. This is not an issue
for the E141 and E774 limits as the mass reach is well below the dimuon threshold.
B.2 Andreas implementation
As already mentioned, the hidden photon limits of E137 have been rederived in a more rigorous treat-
ment by Andreas et al. [33]. The approximate differential cross section (17) has been corrected. But
in particular a full-fletched Monte Carlo simulation of the A′ decays including detector geometry has
been done and for the limit determination the full energy dependence of the differential cross section
has been taken into account. A very thorough account of the many important details of this calculation
can be found in Chapter 3 and Appendix B of [94].
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Figure 19: Expected number of eventsN for a secluded hidden photonA′ at the SLAC E137 experiment
obtained from the Andreas implementation as a function of the mixing parameter 2 and the mass MA′
normalized to the 95% C.L. limit N95. The red (Bjorken) and cyan (Andreas) lines show the exclusion
contours calculated in [27] and in [33], respectively. Left: Using the hidden photon mass as minimum
A′ energy EminA′ = MA′ . Right: Including the experimental minimum cutoff energy E
min
A′ = Ecut.
Again we have implemented the full calculation in MATHEMATICA, which we will refer to as An-
dreas implementation. As before we have discretized the parameter space and calculated the expected
number of hidden photon induced events N at each point. The expected number of events from the
Andreas implementation normalized to the 95% C.L. limit N/N95 are depicted in Fig. 19.
The left panel shows the results of the Andreas implementation using EminA′ = MA′ in (15) for the
minimum energy of the produced A′, as suggested in [33]. This is a sensible choice as it corresponds
to an A′ produced on shell in the lab frame, which can then resonantly decay into electrons. Such an
A′ can be looked for in a dielectron resonance search in the experiment. This choice explains the mass-
dependent behavior of the low-2 domain both of the Andreas and our derived limit (The fact that our
limit is excluding even smaller 2 is mainly due to our lack of a full Monte Carlo simulation of the A′
decay geometry).
To see this explicitly, let us note that the lower boundary of the beam dump limit is reached when
the A′ has a typical decay length that is much larger than the experimental setup `A′  Lsh, Lsh. In this
case, we can expand the hidden photon decay probability as
Pdec = e
− Lsh
`A′
(
1− e−
Ldec
`A′
)
≈ Ldec
`A′
∝ Ldec M
2
A′ α 
2
EA′
. (54)
Combined with the estimate for the beam dump cross section in equations (A15) and (A16) of Ref. [27],
σ ∝ α
3 2 Z2
M2A′
, (55)
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we see that the leading powers ofM2A′ cancel in the calculation of the expected number of hidden photon
events
N ∝
∫ E0
Emin
A′
dEA′ σA′ Pdec(EA′) . (56)
If we use the hidden photon mass as the lower integration limitEminA′ = MA′ in (56), as done in [33],
the lower boundary of the beam dump limit has an explicit dependence on MA′ . This is shown in the
left panel of Fig. 19. In general, we can see that in this regime the total number of events scales with 4
and therefore has a quite steep fall-off, such that the lower boundary is mainly statistics limited. There
still might be a residual logarithmic dependence of N on the mass MA′ coming from the integration of
dEA′/EA′ .
Figure 20: Comparison of beam bump limits for the U(1)B−L gauge boson calculated in this work to
the recasted limits of [10]. The calculated limits are given by the border of the outermost blue contour.
The recasted limits are depicted by the pink solid line. NuCal (left): The red dashed line shows the
respective limit for the secluded hidden photon. E137 (right): The red and cyan dashed lines show the
respective limits for the secluded hidden photons discussed previously.
However, the experimental analysis searching for resonant dielectron events applied a cut of Ecut =
3 GeV to their data [21]. Implementing this experimental cut as EminA′ = Ecut the Andreas implemen-
tation yields the results in the right panel of Fig. 19. We see that we recover the horizontal scaling (i.e.
no mass dependence) of the low-2 domain, which is present in the Bjorken limit (again we expect the
overshooting of our exclusion contour in this domain to be fixed by including Monte Carlo simulated ge-
ometric acceptances). This is what we expect from (56). With a constant minimum energy Ecut MA′
the exponent only scales with 2 and shows no mass dependence anymore.
In summary, it seems likely that Andreas et al. have not included experimental cuts on the minimum
energy of the observed events. This would mean that the limit deduced for E137 by Andreas et al. is too
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optimistic in the low-2 domain. This issue also persist for the derived limits for E141, E774 and Orsay
as all the relevant analyses include energy cuts (cf. Table 2).
E137 E141 E774 Orsay
Ecut [GeV] 3 4.5 27.5 0.75
Table 2: Cuts on the minimum event energy used in the analyses of E137 [21], E141 [20], E774 [22]
and Orsay [23].
B.3 Towards more accurate limits
We have seen that both the limits derived by Andreas et al. and Bjorken et al. can possibly be refined
in certain aspects. We therefore adopted the improved approximate equations derived in [33] with the
inclusion of the experimental energy cut for the calculation of electron beam dump limits in this work.
Further improvements could be obtained from a full calculation of these limits as outlined in [94] with
the implementation of the energy cuts and a full Monte Carlo simulated detector acceptance.
B.4 A note on recasting beam dump limits
In a very recent article, Ilten et al. have presented a framework for recasting limits on hidden pho-
tons [10]. In particular, they have recasted existing limits on a secluded hidden photon to the U(1)B−L
gauge boson by use of the presented framework. In Fig. 20 we compare these recasted limits to those
derived in this work from the full calculation for the case of U(1)B−L.
In the left panel we show the limits obtained from the NuCal proton beam bump experiment. The
recasted limits of [10] match those obtained from the full calculation over a large range of masses.
However, the full calculation improves the mass reach of the U(1)B−L limit, which is due to the higher
relative branching fraction into leptons for A′ masses of the order of the ω mass. The full calculation
excludes A′ masses of up to 688 MeV compared to 624 MeV for the recasted limits.
In the right panel, the limits obtained from E137 are shown. In the high-αB−L domain the recasted
limits match those derived in this work quite well. However, it seems that the limits derived in [10] are
based on the analysis in [33] and therefore exhibit the same mass scaling in the low-αB−L domain as the
Andreas limits. This is the main reason for the different behavior at small couplings. The same holds
for the recasted electron beam dump limits of E141, E774 and Orsay.
Overall, our comparison shows that the recasted limits [10] match a full implementation to a good
level (if the same implementation is used). Yet a full implementation provides quantitative improvements
and increased confidence in the results.
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C Relevant processes and couplings for the different experiments
Experiment Process B −L Lµ−Le Le−Lτ Lµ−Lτ
E137, E141, E774,
Orsay, APEX, A1/MAMI
prod e-Bremsstrahlung −gB−L −gµe geτ e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
CHARM
prod η/η′-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
LSND, NA48/2
prod pi0-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
U70/NuCal
prod pi0-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
prod p-Bremsstrahlung gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
DarkLight
prod e-Bremsstrahlung −gB−L −gµe geτ e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
det A′ → inv −gB−L gµe geτ gµτ
NA64
prod e-Bremsstrahlung −gB−L −gµe geτ e µτ (q2)
prod µ-Bremsstrahlung −gB−L gµe e eτ (q2) gµτ
det A′ → inv −gB−L gµe geτ gµτ
Mu3e
prod µ-Bremsstrahlung −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
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Experiment Process B −L Lµ−Le Le−Lτ Lµ−Lτ
FASER, SeaQuest,
SHiP
prod pi0/η/η′-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
prod p-Bremsstrahlung gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
VEPP-3
prod e+e− → γA′ −gB−L −gµe geτ e µτ (q2)
det A′ → inv −gB−L gµe geτ gµτ
KLOE
prod e+e− → γA′ −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → pi+pi− 13gB−L e µe(q2) e eτ (q2) e µτ (q2)
BaBar, Belle-II
prod e+e− → γA′ −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
LHCb
prod pi0/η/η′-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
prod D∗-decay 0 e µe(q2) e eτ (q2) e µτ (q2)
prod p-Bremsstrahlung gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
ATLAS/CMS
prod Drell-Yan 13 gB−L e µe(q
2) e eτ (q
2) e µτ (q
2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
Table 3: Coupling strengths for the different gauge groups relevant for the production and decay of
hidden photons in experiments discussed in this paper compared to the universal e QEM coupling of
the secluded hidden photon.
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Experiment Process B −L Lµ−Le Le−Lτ Lµ−Lτ
Borexino ν e− → ν e− g2B−L g2µe g2eτ e gµτ µτ (q2)
Charm-II
νµ e
− → νµ e− g2B−L −g2µe 0 e gµτ µτ (q2)
ν¯µ e
− → ν¯µ e− −g2B−L g2µe 0 −e gµτ µτ (q2)
Texono ν¯e e− → ν¯e e− −g2B−L −g2µe −e geτ eτ (q2) 0
DUNE, Super-K νµ/τe− 0 g2µe g2eτ 0
Charm-II, CCFR,
NuTeV
νZ → νµµZ g2B−L g2µe 0 g2µτ
Table 4: Coupling strengths for the different gauge groups relevant at neutrino experiments. Note
that the hidden photon of a secluded U(1)X does not have any neutrino couplings and therefore is not
constrained by these experiments.
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